The amygdala is involved in the associative processes for both appetitive and aversive emotions, and its function is modulated by stress hormones. The neuropeptide corticotrophin releasing factor (CRF) is released during stress and has been linked to many stress-related behavioral, autonomic, and endocrine responses. In the present study, nonanxiety-inducing doses of a potent CRF type 1 and 2 receptor agonist, urocortin (Ucn), was infused locally into the basolateral amygdala (BLA) of rats. After 5 daily injections of Ucn, the animals developed anxiety-like responses in behavioral tests. Intravenous administration of the anxiogenic agent sodium lactate elicited robust increases in blood pressure, respiratory rate, and heart rate. Furthermore, in the absence of any additional Ucn treatment, these behavioral and autonomic responses persisted for Ͼ30 d. Whole-cell patch-clamp recordings from BLA neurons of these hyper-reactive animals revealed a pronounced reduction in both spontaneous and stimulation-evoked IPSPs, leading to a hyperexcitability of the BLA network. This Ucn-induced plasticity appears to be dependent on NMDA receptor and subsequent calcium-calmodulin-dependent protein kinase II (CaMKII) activation, because it is blocked by pretreatment with NMDA receptor antagonists and by coadministration of CaMKII inhibitors. Our results show for the first time a stress peptide-induced behavioral syndrome that can be correlated with cellular mechanisms of neural plasticity, a novel mechanism that may explain the etiological role of stress in several chronic psychiatric and medical disorders.
Introduction
Stress initiates a cascade of hormonal and neuroendocrine responses that enable an organism to adapt to new environmental pressures. However, chronic stress, exaggerated responses to an acute stress, or inadequate termination of the stress response may lead to pathological states, which can affect both the CNS and peripheral end organs. Corticotropin releasing factor (CRF), a 41 amino acid neuropeptide, has been identified as a key neurotransmitter responsible for initiating many of the endocrine, autonomic, and behavioral responses to a variety of stressors (Vale et al., 1981; Smagin et al., 2001) . Recent evidence suggests that dysfunction of systems regulating CRF function in the CNS contributes to the etiology of several psychiatric disorders such as anxiety, panic disorder, posttraumatic stress disorder, and depression (Arborelius et al., 1999; Yehuda, 2001 ).
The amygdala is critical for providing affective salience to sensory information (LeDoux, 2000) . Recent functional magnetic resonance imaging studies report that increased amygdala activation is associated with several affective states including not only fear and anxiety (Furmark et al., 1997; Adolphs et al., 1998; Tillfors et al., 2001; Critchley et al., 2002) but also many appetitive responses (Maren, 2003) . The amygdala is also a major extrahypothalamic source of CRF-containing neurons and has high expression levels for the two cognate CRF receptors (Palkovits et al., 1983; Van Pett et al., 2000) . During periods of stress, CRF is released into the amygdala (Cratty et al., 1995; Merlo et al., 1995) , and local CRF receptor activation has been postulated as a substrate for stress-induced alterations in affective behavior (Gray and Bingaman, 1996) . The basolateral complex of the amygdala (BLA) is thought to be a critical site of synaptic plasticity that contributes to affective behavior, and we have shown that acute CRF receptor activation in vitro increases the excitability of BLA neurons by modulating expression of a slow afterhyperpolarizing potential (Rainnie et al., 1992a) . These data suggest that a stress-induced increase of neuronal activity in the BLA may contribute to states of anxiety often associated with chronic stress.
Removal of tonic inhibition in the BLA by local infusion of GABA antagonists in vivo results in anxiety-like behaviors (Sanders et al., 1995) , an effect mimicked by direct stimulation with the CRF agonist urocortin (Ucn) (Sajdyk et al., 1999) . Significantly, the cardiovascular and behavioral signs elicited by GABA antagonists can be blocked by preinfusion of NMDA and AMPA receptor antagonists into the BLA (Sajdyk and Shekhar, 1997) .
Also, repeated activation of the BLA results in long-term changes in the sensitivity of the BLA neurons and the development of aversive associations or a chronic anxiety-like state that we termed "priming" (Sanders et al., 1995; Sajdyk et al., 1999; Sajdyk and Gehlert, 2000) . These data suggest that an increase in glutamatergic transmission (especially the NMDA receptor-mediated changes) within the BLA may contribute to development and expression of synaptic plasticity and priming-induced chronic anxiety-like responses. The mechanism by which repeated stress can elicit similar long-term behavioral changes is not known. If CRF released during stressful periods can also elicit similar synaptic plasticity within the BLA, it would provide a putative mechanism by which stress could induce similar long-term changes in the amygdala. Here, we report that repeated activation of the CRF receptors in the BLA results in an NMDA receptor-mediated calcium flux and activation of calcium-calmodulin-dependent protein kinase II (CaMKII) cascade, resulting in long-lasting behavioral and cellular changes.
Materials and Methods

Animals
All experiments were conducted on male Wistar rats (275-300 gm; Harlan Laboratories, Indianapolis, IN), which were individually housed in a temperature-controlled room (72°F). The housing room was on a computer-controlled 12 hr light/dark cycle (lights on at 6:00 A.M. and off at 6:00 P.M.). Food and water were accessible ad libitum.
Surgical techniques
Animals were removed from their home cage and placed in a closed Plexiglas box, which was connected to an isoflurane system (MGX Research Machine; Vetamac, Rossville, IN). The animals fitted with arterial and venous catheters were completely anesthetized and then placed on their back with their nose situated in a Plexiglas cone, which allowed for constant infusion of isoflurane. Next, the animals were fitted with femoral arterial and venous catheters as described previously (Sajdyk et al., 1999) . After catheterization, the rats were placed into a stereotaxic instrument (Kopf Instruments, Tujunga, CA) with the incisor bar set at Ϫ3.3 mm. Animals in all experimental groups not fitted with catheters were immediately placed in the stereotaxic instrument after administration of anesthesia. Bilateral cannulas were implanted as described previously (Sajdyk and Shekhar, 1997) .
Intracranial drug and sodium lactate infusions
All injections into the BLA were conducted using microinjection cannulas (33 gauge; Plastic Products, Roanoke, VA) that fit into and extended 1 mm beyond the guide cannulas. Urocortin (Peninsula Laboratories, Belmont, CA) was administered in 1% bovine serum albumin (BSA) in a total volume of 100 nl/site. A detailed description is provided in previous studies (Sajdyk et al., 1999) . A solution of 0.5 M sodium lactate (10 mg/ kg) was infused at a rate of 200 l/min. The procedure was also performed as described previously (Sajdyk et al., 1999) .
Behavioral measurements
All behavioral testing was conducted at least 72 hr after surgery. Anxietylike behavior was measured using two methods performed as described previously, a modified social interaction (SI) test (Sajdyk et al., 1999) and the elevated plus-maze (EPM) test (Shekhar, 1993) .
Experimental protocol
Acute administration of Ucn into the BLA. On experimental day 1, rats were divided into two groups. Group 1 was assigned to Ucn treatment (25 fmol), and group 2 was designated to the vehicle treatment. On day 1, all animals were injected with vehicle (1% BSA) into the BLA and then, 30 min later, assessed for baseline levels of anxiety-like behavior in the SI test. On experimental day 3, groups 1 and 2 were administered the assigned treatment and then, 30 min later, placed into the SI box. All animals were reinjected with vehicle on day 5 to measure a posttreatment baseline for anxiety-like behavior. After completion of the study, all rats were placed in a cardboard shipping box with bedding and food and water supply and then transported overnight (Baxter, Indianapolis, IN) for the electrophysiological studies.
Chronic administration of Ucn into the BLA in the SI experiments. On experimental day 1, rats were divided into two groups. Group 1 received Ucn treatment (6 fmol), and group 2 was administered vehicle (1% BSA). Thirty minutes after treatment on day 1, all animals were assessed for baseline levels of anxiety-like behavior in the SI test. On experimental days 2-4, rats in both groups were administered the assigned treatment of vehicle or Ucn and returned to their cages. On experimental day 5, rats in groups 1 and 2 were injected with their assigned treatment and reassessed in the SI test 30 min later. Immediately after the study, half of the animals in group 1 and all of the animals in group 2 were transported for electrophysiological studies as described previously. The second half of the rats in group 1 were retested each week for an additional 5 weeks in the SI test. No additional injections of Ucn were made during this time. During week 5, the animals were given an intraperitoneal injection of alprazolam (1 mg/kg) and, 30 min later, placed in the SI test for behavioral assessment.
Chronic administration of Ucn into the BLA in EPM experiments. On experimental day 1, all rats received Ucn (6 fmol) and were placed on the EPM 30 min later. On experimental days 2-5, rats were injected with Ucn and placed back in their home cages. No additional injections of Ucn were made, and the rats in this group were reassessed on the EPM on experimental day 14. The rats were not reassessed in the EPM test, because there is evidence that there is significant trial-to-trial learning if this test is repeated too many times (File et al., 1990) .
Chronic administration of Ucn into the BLA in the lactate infusion experiments. On experimental day 1, all rats received an intravenous injection of sodium lactate, the heart rate, blood pressure, and respiration were recorded throughout, and then they were immediately placed in the SI test. On experimental days 2-4, rats were administered Ucn (6 fmol/ side). On day 5, all rats again received an intravenous infusion of sodium lactate, their heart rate, blood pressure, and respiration were recorded, and they were tested in the SI test.
Coadministration of Ucn and the NMDA antagonist AP-5 into the BLA. On experimental day 1, animals were separated into two groups. Group 1 received the active form of the NMDA antagonist AP-5 (racemic DL-AP-5, 100 pmol) in solution with Ucn (6 fmol), and group 2 received the inactive isomer L-AP-5 in solution with Ucn (6 fmol). Thirty minutes after the Ucn injection, all animals were behaviorally assessed in the SI test. This same protocol was repeated on days 2-4, except no behavioral testing was conducted. On day 5, animals in both groups were administered the assigned drug injections and then reassessed in the SI test 30 min later.
Coadministration of Ucn and the CaMKII antagonist
On experimental day 1, animals were separated into two groups. Group 1 received 1- [N, O,-bis-(5-isoquinolinesulfonyl) -62) (1 fmol) 30 min before Ucn (6 fmol), and group 2 received vehicle (1% BSA) 30 min before Ucn (6 fmol). Thirty minutes after the second injection, all animals were behaviorally assessed in the SI test. This same protocol was repeated on days 2-4, except no behavioral testing was conducted. On day 5, animals in both groups were administered (1 fmol) 30 min before Ucn (6 fmol) and then reassessed in the SI test 30 min later.
Electrophysiological studies
Selection of animals. All animals were color coded such that the behavioral status of the animals used in these experiments was unknown to the experimenter at the time of recording. Animals that received a single daily bilateral injection of vehicle for 5 d are termed "sham-primed" animals, and those receiving daily injections of urocortin for 5 d are termed "Ucn-primed" animals.
Preparation of acute slices from the BLA. Neuronal responses reported in this study were obtained only from neurons located in the basolateral subdivision of the basolateral complex (BLA). Slices (500 m thick) containing the basolateral complex were obtained from 30-to 60-d-old male Wistar rats, anesthetized with isoflurane before decapitation, and prepared using procedures as described previously (Rainnie, 1999) . Slices were maintained fully submerged in a tissue chamber and continuously perfused with artificial CSF (ACSF) of the following composition (in mM): 124 NaCl, 3.75 KCl, 1.25 KH 2 PO 4 , 1.3 MgCl 2 , 3.5 CaCl 2 , 26 NaHCO 3 , and 10 glucose. The ACSF was heated to 32 Ϯ 2°C and gassed with a 95/5% oxygen/carbon dioxide mixture. Whole-cell patch-clamp recordings were obtained using standard recording techniques. Briefly, borosilicate glass patch electrodes (resistance, 4 -6 M⍀) were pulled on a Flaming-Brown micropipette puller (model P-87; Sutter Instruments, Novato, CA) and filled with: 130 mM K-gluconate, 10 mM phosphocreatinine, 3 mM KCl, 10 mM HEPES, 3 mM MgCl 2 , 2 mM MgATP, 0.2 mM NaGTP, and 0.25% biocytin. Patch solution was buffered to pH 7.2 and had an osmolarity of 280 mOsm. Recordings were made with an Axopatch-1D amplifier (Axon Instruments, Burlingame, CA) using pClamp 8.0 software and a Digidata 1320 A-D interface (Axon Instruments). For stimulation of afferent fibers, a concentric bipolar stimulating electrode (MCE-100; Kopf Instruments, Tujunga, CA) was placed either on the fibers of the stria terminalis (ST) or in the lateral nucleus of the amygdala (LA).
Patch-clamp recordings. Only those BLA neurons having a stable resting membrane potential (RMP) of less than Ϫ55 mV and an action potential that overshot ϩ5 mV were considered acceptable for additional analysis. All data were sampled at a frequency determined by the speed of the response to be measured. Data were filtered at 5 kHz in current clamp and 2 kHz in voltage clamp. For acquisition of evoked and spontaneous postsynaptic potentials (PSPs) and postsynaptic currents (PSCs), data were sampled at 20 kHz.
Analysis of synaptic events. Spontaneous and stimulus-evoked synaptic potentials were recorded at a standardized holding potential of Ϫ60 mV. For stimulation studies, the stimulation intensity was set at a point midway between a 50% failure rate and threshold for action potential generation. Single stimuli were applied at 0.2 Hz and repeated five times. Evoked potentials were then averaged, and the peak EPSP and IPSP amplitude measured relative to the holding potential (Ϫ60 mV). Spontaneous EPSPs and IPSPs were captured continuously for 1 min at a sampling frequency of 20 kHz. Spontaneous potentials were detected and analyzed using the Mini Analysis Program (Synaptosoft, Decatur, GA). Detection criteria for spontaneous EPSPs included a 0.5 mV event threshold, a rise time of Ͻ7 msec, and a decay curve that approximated to an exponential decay. All detected events were then visually inspected to ensure that they met criteria. Individual events were aligned by the rise time and averaged to obtain the mean peak amplitude and duration. Detection criteria for spontaneous IPSPs included a 1 mV event threshold and a rise time of Ͻ40 msec.
Drug application. Drugs were applied directly to the ACSF using a continuous gravity-fed bath application. Bicuculline methiodide (Bic; 20 -50 M) was applied to examine residual GABA A receptor activity and was purchased from Research Biochemicals International (Natick, MA).
Statistical analysis. For in vivo experiments, a repeated measure with ANOVA using a Newman-Keul's post hoc analysis was used for animals in week 5 Ucn and AP-5 studies, whereas a paired t test was used to analyze the data from all other experiments. The ␣ level was set at 0.05. Only those animals with a correct placement of both cannulas were used in the statistical analysis. For in vitro experiments, means, SD, and SEM were calculated for each treatment, and two-tailed paired and unpaired Student's t tests or Mann-Whitney U tests were performed as necessary. Data are expressed as mean Ϯ SEM, and significance was accepted if p Ͻ 0.05.
Results
In vivo experiments
Chronic administration of Ucn into the BLA Animals administered a subthreshold dose (6 fmol; a dose that does not acutely induce an anxiety-like response) (Sajdyk et al., 1999) of Ucn once daily for 5 d show a significant reduction in the amount of time spent in the open arm of an elevated plus-maze as well as the number of entries made into the open arm on day 5 compared with day 1 (Fig. 1 A, B) . In addition, Ucn-primed animals show a significant decrease in social interaction time by day 5 and continue to exhibit this enhanced anxiety-like behavior in the absence of any further Ucn challenge for an additional 5 weeks (Fig. 1C,D) . Significantly, the reduced SI (anxiety-like) behavior in Ucn-primed animals can be prevented if the animals are administered the anxiolytic agent alprazolam (1 mg/kg) (Fig.  1 D) . However, the effect of alprazolam in Ucn-primed rats was decreased in magnitude when examined in the SI test compared with vehicle-treated rats (data not shown), suggesting that the Ucn-primed animals are still responsive to anxiolytic treatments, but the response was attenuated. In agreement with previous studies (Sajdyk et al., 1999) , animals challenged after priming with intravenous sodium lactate, a known inducer of anxiety responses in humans with panic disorder (Maddock, 2001) , showed significant changes in heart rate ( Fig. 2 A) , respiration rate (Fig. 2 B) , and anxiety-like behavior (Fig. 2C ) when compared with their prepriming sodium lactate response. show increases in anxiety by day 5 (Ucn, 6 fmol, after priming) compared with day 1 (Ucn, 6 fmol, before priming). C, D, Administration of Ucn daily for 5 d also elicits a significant decrease in social interaction time by day 5, compared with day 1 ( C), and continues to remain decreased for an additional 5 weeks or until the animals are treated with the anxiolytic alprazolam ( D) (F (3, 15) ϭ 17.56; p ϭ 0.00001; n ϭ 4). Difference from day 1 (*) and from alprazolam (#) by ANOVA with student Newman-Keul's test is shown; p Ͻ 0.001. Figure 2 . Administration of Ucn for 3 d results in increased autonomic and behavioral reactivity to peripheral anxiogenic stimuli such as sodium lactate infusions. Another group of animals primed with Ucn for 3 d demonstrates that they not only show increased baseline anxiety responses but also become reactive to sodium lactate infusions (15 min administration; 10 ml/kg; 0.5 M solution). A-C, The group differences in heart rate ( A), respiratory rate ( B), and responses ( C) in the social interaction test of anxiety before and after priming clearly demonstrate an increased physiological and behavioral reactivity after priming, suggesting greater stress vulnerability. Asterisk, Significantly different from prepriming by paired t test; *p Ͻ 0.0001 (n ϭ 6).
Chronic anxiety-like behavior induced by CRF-mediated plasticity in the BLA is NMDA receptor dependent During Ucn priming, daily coadministration of the active form of the NMDA receptor antagonist, DL-AP-5 (100 pmol), into the BLA blocked development of the anxiogenic response to Ucn, suggesting that local NMDA receptor activation is necessary for the development of the priming response (Fig. 3A) . In contrast, coadministration of the inactive form L-AP-5 did not block the anxiogenic response (data not shown). Similarly, once the anxiety-like behavior was established, coadministration of DL-AP-5 (100 pmol) on day 5 failed to block the behavioral response (Fig. 3B) .
CRF-mediated plasticity in the BLA requires CaMKII activation
Administration of the specific CaMKII inhibitor KN-62 (1 fmol) 30 min before each of the five daily Ucn injections completely abolished the anxiogenic response to Ucn priming (Fig. 3C) . However, once Ucn priming is established with the 5 d priming schedule, injection of KN-62 on day 5, 30 min before a subthreshold Ucn challenge, did not attenuate the Ucn-induced anxiogenic response (Fig. 3D) .
Acute administration of Ucn into the BLA Animals administered acute anxiogenic doses of Ucn (25 fmol) showed a significant reduction in SI time compared with pretreatment and post-treatment baselines with no overall change in either of the baseline values (F (2,4) ϭ 5.760; p ϭ 0.0282; n ϭ 5; data not shown).
In vitro experiments
The observation that 5 d of Ucn priming of the BLA results in an elevation of baseline anxiety that is maintained for at least 5 weeks in the absence of any additional Ucn challenge suggests that repeated Ucn application could cause a restructuring of the intrinsic neural network of the BLA. Consequently, we examined the possible cellular substrates mediating the change in behavior associated with the Ucn-priming phenomenon. Here, we used whole-cell patch-clamp recording from an in vitro brain slice preparation to compare the membrane properties and synaptic potentials observed in BLA neurons from Ucn-primed and sham-primed control animals.
We and others have documented the electrophysiological properties and synaptic input of BLA neurons (Rainnie et al., 1993; Mahanty and Sah, 1999) . Of the 169 neurons recorded, 152 neurons were presumed projection neurons, and 17 were presumed interneurons. Here, we report only those recordings obtained from presumed projection neurons, unless otherwise stated.
Urocortin priming does not affect the passive membrane properties of BLA projection neurons
The passive membrane properties obtained from 69 projection neurons in 17 control animals and 51 projection neurons from 12 Ucn-primed animals are summarized in Table 1 . Five day Ucn priming had no significant effect on either the RMP or the time constant for membrane charging (). Although the membrane input resistance of control projection neurons showed a trend toward higher values than those from Ucn-primed animals, this was not statistically significant (89.0 Ϯ 8.2 vs 69.8 Ϯ 5.4 M⍀, respectively; p ϭ 0.7). Moreover, Ucn priming caused no change in the number and frequency of action potentials generated in BLA projection neurons in response to depolarizing current injection (data not shown). Similarly, no significant difference was observed in the passive membrane properties of BLA interneurons (Table 1) .
Urocortin priming reduces the expression of spontaneous inhibitory synaptic potentials in BLA projection neurons
In 80% of BLA neurons, the most prominent spontaneous synaptic events recorded close to the RMP (Ϫ60 mV) are rhythmic (ϳ1 Hz), long duration (ϳ250 -500 mS), and GABA A receptormediated IPSPs (Rainnie et al., 1991b; Smith and Dudek, 1996) interspersed on a background of higher frequency (ϳ14 Hz) glutamatergic EPSPs (Rainnie et al., 1991a) . In agreement with these previous studies, the majority of neurons (72%) recorded from the sham-primed group showed a pattern of spontaneous IPSPs and EPSPs similar to that reported previously (Fig. 4 A, top trace) . Hence, repeated injection of vehicle alone does not appear to disrupt synaptic transmission in the BLA. In contrast, the majority of neurons from Ucn-primed animals (64%) displayed rhythmic long-duration EPSPs in addition to the high-frequency short-duration EPSPs normally observed in projection neurons and no apparent IPSPs (Fig. 4 A, bottom trace) .
The normal reversal potential for spontaneous GABA A receptor-mediated IPSPs (E IPSP ) is approximately Ϫ70 mV. At more negative membrane potentials, the IPSP inverts and has the appearance of an EPSP (Rainnie et al., 1991b ). Consequently, it was possible that the Ucn-priming schedule caused a depolarizing shift in the reversal potential for the GABA A receptormediated IPSPs. Therefore, we examined neurons from Ucnprimed animals for a depolarizing shift in the IPSP reversal potential. However, manual depolarization of the membrane potential to Ϫ45 mV with DC current injection failed to unmask any inhibitory component to the rhythmic synaptic potentials (data not shown). Moreover, the E IPSP in 35% of BLA neurons from Ucn-primed animals that did express spontaneous IPSPs was not different from that reported previously (Ϫ69 Ϯ 2.6 mV; n ϭ 6). These data suggest that in the majority of animals, Ucn priming results in a decrement in the expression of GABAergic inhibition within the BLA, similar to that observed after kindling of the amygdala (Rainnie et al., 1992b) . In agreement with this hypothesis, direct in vivo manipulation of BLA GABA A receptors using subthreshold doses of the GABA A receptor antagonist, bicuculline methiodide, induces an anxiogenic response (Sanders et al., 1995) that is indistinguishable from that observed after Ucn priming. Here, we show that the pattern of spontaneous synaptic potentials observed in BLA projection neurons recorded from Ucn-primed animals is identical to the pattern observed in BLA neurons from bicuculline-treated animals (Fig. 4 B) . In addition, in those neurons expressing spontaneous IPSPs, no significant difference was observed in the peak amplitude measured at the holding potential of Ϫ60 mV (Fig. 4C, left) . In contrast, a significant increase in the amplitude of spontaneous EPSPs was observed in the chronic Ucntreated animal (Fig. 4C, right) . These data would suggest that a common deficit in GABA A receptor-mediated neurotransmission may contribute to the etiology of the anxiogenic behavior observed in these two paradigms. We next examined whether the reduced expression of spontaneous IPSPs in projection neurons from Ucn-primed animals could result from a disruption of GABA A receptor-effector coupling. To address this issue, we examined the direct postsynaptic response of BLA neurons to transient (100 mS) pressure ejection of the GABA A receptor agonist, muscimol (100 M), in the presence of tetrodotoxin (1 M). No significant difference was found in the response of BLA neurons from control or Ucn-primed animals to transient muscimol application (Fig. 5 ) (n ϭ 6 for each group). These data suggest that postsynaptic GABA A receptor function is unaltered by the Ucn-priming schedule.
Ucn priming attenuates stimulus-evoked inhibitory responses in BLA projection neurons
The loss of spontaneous inhibitory synaptic potentials observed in Ucn-primed animals could also be explained by a decrement in the excitatory drive onto local circuit interneurons. Hence, we next examined the response of BLA neurons to electrical stimulation of the ST and LA. In agreement with our previous studies (Rainnie et al., 1991b) , stimulation of either afferent pathway in sham-primed control animals evoked PSPs that included a fast IPSP (fIPSP) and slow IPSP (sIPSP) GABAergic component in 89% of all neurons tested (Fig. 6) (n ϭ 50) . In contrast, only 42% of neurons from Ucn-primed animals showed any GABAergic inhibitory component of the evoked PSP (Fig. 6) (n ϭ 35) . Significantly, in this subset of BLA neurons, afferent stimulation evoked only a slow GABA B receptor-mediated IPSP and no GABA A receptor-mediated fast IPSP (Fig. 6) . Moreover, the amplitude and duration of the evoked EPSP was significantly greater in neurons recorded from Ucn-primed animals (6.8 Ϯ 0.8 mV) compared with controls (4.3 Ϯ 0.7 mV; p ϭ 0.008; n ϭ 15), as might be expected if the shunting effect of the fast GABA A receptor-mediated IPSP has been removed. However, spontaneous epileptiform burst-firing activity, a characteristic of BLA neurons from kindled animals, was not observed in any of the projection neurons recorded from Ucn-primed animals. Indeed, epileptiform burst-firing activity could be induced in Ucn-primed neurons after application of the . Chronic Ucn priming reduces the expression of spontaneous inhibitory synaptic potentials. A, Typical spontaneous PSPs observed in BLA projection neurons recorded from sham-primed control animals (top trace), acute Ucn-treated animals (middle trace), and Ucn-primed animals (bottom trace). Note the absence of spontaneous inhibitory synaptic potentials (downward deflections) in the trace from the chronic Ucn-primed animals. B, Bar histograms showing the percentage of cells that expressed both spontaneous EPSPs and IPSPs versus the percentage of cells that expressed only spontaneous EPSPs in each test group (chronic vehicle, n ϭ 66; acute Ucn, n ϭ 11; chronic Ucn, n ϭ 51; Bic, n ϭ 21). C, A significant increase in the amplitude of the spontaneous EPSPs was observed in the group of rats chronically treated with Ucn.
GABA A receptor antagonist bicuculline methiodide (30 M; data not shown). These data suggest that the anxiogenic behavior induced by Ucn priming results from a subtle reduction of inhibitory control in the BLA neural network, together with a concomitant increase in excitatory drive, and not as an indirect consequence of temporal lobe seizures.
Changes in the electrophysiological properties of BLA neurons are not attributable to an acute anxiety response
It was possible that the long-lasting synaptic changes observed in Ucn-primed animals did not correlate with the gradual process of priming but rather occurred as a result of a single anxiogenic response to Ucn. If this were true, we would expect to see a similar change in network excitability after a single bilateral infusion of an anxiogenic dose of Ucn (25 fmol). In all animals tested, this dose of Ucn produced a marked reduction in social interaction time (n ϭ 12). However, there was no significant difference between control vehicle-injected animals and Ucn-injected animals for any of the resting membrane properties or spontaneous synaptic potentials examined above (Figs. 4, 6B , acute Ucn). Similarly, stimulation of either the ST or LA pathways evoked a GABA A receptor-mediated IPSP in 83% of projection neurons from acute Ucn-infused animals (Fig. 6B, Table 2 ). These data would suggest that a single anxietyinducing dose of Ucn does not result in a long-lasting alteration in network excitability in the BLA.
Discussion
Our results demonstrate that repeat administration of Ucn into the BLA, in a dose that acutely does not alter behavioral responses in the SI and EPM tests, induced long-lasting anxiety-like responses that persist for weeks. This long-term behavioral sensitization was dependent on activation of an NMDA receptormediated CaMKII-dependent second messenger cascade. Moreover, at the cellular level, the prolonged alteration of affective state was associated with a concomitant increase of BLA network excitability resulting from a specific loss of GABA A receptor-mediated inhibition. This novel mechanism could help explain how CRF-induced synaptic plasticity in the BLA contributes to the pathogenesis of several stress-related disorders such as anxiety, depression, and cardiovascular diseases.
In several species, intracerebroventricular (ICV) injections of CRF induce a behavioral state akin to arousal and anxiety (Sutton et al., 1982; Callahan et al., 1991) as measured in the conflict test (Heinrichs et al., 1992) , social interaction (Dunn and File, 1987) , acoustic startle (Swerdlow et al., 1986) , and elevated plus maze (Britton et al., 1986) . Similarly, transgenic mice that overproduce CRF show increased anxiety-like behaviors, and this phenomenon is reversed by central administration of the CRF antagonist ␣-helical CRF 9 -41 (Stenzel-Poore et al., 1996) . Lee et al. (1994) subsequently demonstrated that local infusion of a nonspecific CRF receptor antagonist into the amygdala was sufficient to attenuate ICV CRF-enhanced acoustic startle. Recent functional studies of CRF 1 and CRF 2 receptors suggest that CRF 1 receptor activation mediates the anxiogenic-like properties of CRF, whereas CRF 2 receptor activation may be anxiolytic (Heinrichs et al., 1997; Bale et al., 2000; Reul and Holsboer, 2002) . Urocortinn has a 45% sequence homology with CRF (Vaughan et al., 1995) and, although CRF is equipotent at both CRF 1 and CRF 2 receptors, Ucn has a similar affinity for CRF 1 receptors as CRF but a higher affinity for CRF 2 receptors. Importantly, CRF 1 and CRF 2 receptors differentially distributed in the CNS, and only CRF 1 receptors are expressed in the rodent BLA (Van Pett et al., 2000) . These data suggest that the enhancement of aversive associations or anxiogenic-like responses after Ucn priming in the BLA probably results from CRF 1 receptor activation. In agreement, mice lacking a functional CRF 1 receptor show decreased stressinduced anxiety-like behavior (G. W. Timpl et al., 1998) . Our data also suggest that the behavioral response induced by Ucn priming in the BLA results from a specific reduction of fast GABA A receptor-mediated inhibition and a concomitant increase in glutamatergic drive onto BLA projection neurons. In agreement, a recent study using immunohistochemical markers of cell activity has reported that ICV CRF administration induces bilateral activation of the BLA (Dube et al., 2000) . Basal activity of BLA projection neurons is maintained by a fine balance between the level of glutamatergic excitatory afferent input and local circuit inhibitory input from GABAergic nonpyramidal cells. Previous studies have shown that the excitatory drive onto BLA neurons primarily results from activation of AMPA receptors, but that NMDA receptors can also be activated at the resting membrane potential of these neurons (Rainnie et al., 1991a; Gean and Chang, 1992; Li et al., 1995) . However, the NMDA receptormediated excitation temporally overlaps with a fast GABA A receptor-mediated inhibitory input, which rapidly terminates the excitatory response.
If the GABAergic inhibition is reduced in the BLA, then the NMDA receptor-mediated excitatory potential would be unmasked, leading not only to enhanced excitation of BLA projection neurons but also to the eventual activation of NMDA receptor-mediated long-term changes in synaptic plasticity (Clugnet and LeDoux, 1990) . Our data suggest that during an acute stress response, local release of CRF into the BLA may act to transiently dampen inhibitory transmission and potentiate excitatory transmission, thereby facilitating memory formation. In keeping with this hypothesis, memory formation and consolidation of aversive events are dependent on NMDA receptor activation in the BLA Walker and Davis, 2002) . Memory consolidation is blocked by infusion of CRF receptor antagonists into the BLA immediately after training but not 3 hr after training . Similarly, we observed no significant alterations in network excitability after an acute infusion of an anxiogenic-like dose of Ucn into the BLA, which would also support the transient nature of the CRF response.
In contrast, after Ucn priming of the BLA, a reduction of GABA A receptor-mediated inhibition appears to have become hard-wired into the properties of the network, such that enhanced excitability is now observed up to 5 weeks after the last CRF infusion. At present, the mechanisms underlying this longlasting alteration in fast GABA transmission remain unknown. However, activation of presynaptic kainate receptors located on GABAergic terminals results in a depression of GABAergic transmission in the hippocampus, and this depression is facilitated at times when glutamatergic transmission is enhanced (Ali et al., 2001; Behr et al., 2002) . The BLA has a particularly high density of low-affinity kainate receptors (Bailey et al., 2001) . Consequently, CRF release in the BLA may modulate the activity of kainate receptors located on GABAergic terminals and further depress GABA release. Moreover, the response of BLA projection neurons to exogenously applied muscimol was unaffected by the priming paradigm, which would also suggest a possible presynaptic locus for the effects of repeated CRF administration. However, this technique cannot exclude the possibility that siteinput-specific decrements in GABA A receptor function may occur in the dendrites of BLA projection neurons with Ucn priming. Indeed, recent data suggest that the number and stability of membrane-bound GABA A receptors and their ability to form functional clusters is regulated by protein kinase A and PKC and several subcellular proteins (Brandon et al., 2000; Bedford et al., 2001) . Hence, repeated activation of second messenger cascades by CRF 1 receptor activation may impact the ability of BLA neurons to form functional subsynaptic GABA A receptor clusters. Indeed, a dysfunction in GABA A receptor clustering has been proposed as a predisposing factor in panic disorder (Crestani et al., 1999) .
Many intracellular cascades are initiated after NMDA receptor activation that lead to the development of synaptic plasticity. One particular signaling cascade is that of CaMKII. This kinase is unique in that after sufficient stimulation, autophosphorylation occurs and transforms it from a Ca 2ϩ -dependent to a Ca 2ϩ -independent state. In this hyperphosphorylated state, CaMKII activity will continue independently of the NMDA receptor activation (Lisman et al., 2002) . Our findings are consistent with other behavioral studies that also show that antagonism of CaMKII within the BLA will block the acquisition of aversive behaviors (Tan and Liang, 1997) but not the expression of the behavior (Malinow et al., 1989) . Paradoxically, acute CaMKII activation has been reported to enhance GABA A receptormediated transmission (Churn et al., 2002; Kawaguchi and Hirano, 2002) . However, a preferential downregulation of GABA A receptors has been reported in the neocortex after withdrawal from periods of elevated GABA A receptor activation, resulting in hyperexcitability and seizure activity (S. S. Casasola et al., 2001) . Five day Ucn priming induces a similar state of hyperexcitability. Sustained CaMKII activity could result in a transient elevation of GABA A receptor function and may trigger a subsequent downregulation of GABA A receptor expression.
Although the mechanisms involved in BLA Ucn priming are complex, the net result is a profound and long-lasting deficit in fast GABA A receptor-mediated inhibitory transmission. This deficit, in turn, contributes to an enhanced level of excitation within the BLA, and we propose that it is exactly this CRF receptormediated imbalance of excitatory and inhibitory processes within the BLA that triggers the development of psychopathology. Moreover, we report the unique development of lactate sensitivity in response to Ucn priming. Significantly, lactate sensitivity is also a clinical feature of subjects with panic disorder and posttraumatic stress disorder (Maddock, 2001) . To compound this issue, there is increasing evidence that anxiety and depression may increase the risk of adverse outcomes in several medical conditions, such as myocardial infarction. Therefore, we propose that CRF priming in the BLA represents a critical mechanism by which aberrant synaptic plasticity can translate the adverse effects of stress into human psychopathology and related medical disorders.
It should be noted that there is also compelling evidence from both animal and human subjects suggesting that the basolateral amygdala may participate in associative and attentional processes in both appetitive and aversive states, as well as in memory consolidation and drug addiction (Everitt et al., 1999; Gallagher and Schoenbaum, 1999; Davis and Whalen, 2001; Robbins and Ever-itt, 2002; Maren, 2003; McIntyre et al., 2003) . Consequently, the results from our current study may have broader implications beyond the development of anxiety and could provide a putative mechanism for the development of a variety of maladaptive affective responses. Additional elucidation of the priming mechanisms may be critical in our ability to not only devise prevention strategies for stress-induced disorders but also to elucidate the function of the basolateral amygdala in the development of affective states.
